Abstract Matrikines are important components of tumor microenvironments that integrate communication between extracellular matricies and membrane-bound receptors thereby regulating cellular behaviors. One such matrikine that is differentially expressed in cancer microenvironments is the extracellular matrix protein lumican; however its precise role in cancer remains ambiguous. To study the effects of lumican on cancer cells, we created lumicanoverexpressing cell lines from murine fibrosarcoma (MCA102) and pancreatic adenocarcinoma (Pan02) cells. Lumican overexpression in Pan02 cells increased invasiveness, decreased soft agar colony size, and increased proliferation. Conversely in MCA102 cells, lumican decreased invasiveness, increased soft agar colony size, but did not influence proliferation. In contrast to these pleiotropic in vitro results, lumican overexpression within the in vivo tumor microenvironment produced uniformly smaller tumors. Importantly, reduced tumor size was correlated with reduced vascular density. Consistent with lumican's proposed anti-angiogenic activity, lumican increased endothelial cell apoptosis. Importantly, lumican was previously shown to influence Fas expression and our results show that lumican enhanced Fas mediated endothelial cell apoptosis although we were unable to detect any difference in Fas or Fas ligand expression between lumicanoverexpressing and control cells. Interestingly, lumican had no effect on MCA102 apoptosis, suggesting that the observed reduction in tumor size is specifically due to endothelial cell apoptosis rather than a direct effect on the cancerous cells themselves. Therefore, this study is the first to demonstrate a causal relationship between tumor reduction and lumican's effect on angiogenesis as opposed to an effect on the cancerous cells themselves.
Introduction
The extracellular matrix has garnered much attention in the last two decades, due in large part to the discovery of secreted constituents that can coordinate cell behaviors between structural components of the matrix with membrane-bound receptors on the surface of cells. These "matrikines" can play important roles in regulating multiple cellular functions including growth, differentiation, and homeostasis. Intracellular signaling pathways including those involved in tumorigenesis and angiogenesis are similarly influenced by cell surface interactions with matrikines [1] . Members of the small leucine-rich proteoglycan (SLRP) family have been extensively studied for both their ability to bind collagen and other matrix proteins, and their ability to perform outside-in signaling [2] . The best characterized members of the SLRP family include decorin, fibromodulin, and lumican. The latter of these proteins is our focus, as it is the least understood.
Lumican is a 338 amino acid member of the SLRP family that exists as a 50-100 kDa keratan sulfate proteoglycan in the cornea but exists as a 55-57 kDa glycoprotein in most other tissues [2, 3] . The 37 kDa core protein possesses a middle region containing 11 leucine rich repeats (LRRs), and a C-terminal LRR "ear repeat" arranged in a "banana-shaped" tertiary structure [4] . Lumican was originally identified as a regulator of collagen fibrillogenesis and the concave side of lumican shares a homologous collagen-binding domain on LRR5-7 with its closest relative fibromodulin, another collagen regulator [5] . Indeed, both lum -/-and fmod -/-knockout mice lack appropriate collagen organization [6, 7] . Proper collagen organization is vital to establishing corneal transparency (for which lumican derives its namesake) and scleral thickness. Observations in mice and zebrafish provide confirmatory evidence for this as lum -/-mice exhibit corneal opacity and morpholino knockdown of lumican results in zebrafish scleral thinning [6, 8] . Studies examining SLRPs and their involvement in cancer have mostly focused on decorin, but the role of the SLRP family member lumican in cancer is receiving increased attention [3] .
There is substantial work implicating lumican's involvement in cancer. Immunohistochemical (IHC) analysis of lumican expression has been reported in melanoma, breast, pancreatic, colorectal, cervical, neuroendocrine, and lung carcinomas [9] [10] [11] [12] [13] [14] . Similarly, microarray studies have highlighted trends in lumican mRNA expression in various stages of these and other cancer types. At best, these methods provide correlative data for the presence or absence of lumican and the severity of disease, but they do not elucidate the role of lumican in cancer. More information has been gleaned on the role of lumican in cancer from experimental cell biology. For example, lumican-overexpression consistently results in reduced colony formation in anchorage-independent soft agar growth assays [15, 16] . Additionally, melanoma cells exhibit decreased migration, invasion, and metastasis when treated with lumican [15, 17] . Finally, lumican also drives a reduction in subcutaneous tumor volume in mouse models that is associated with reduced vascular density [15, 18] .
Multiple lines of evidence support a role for lumican in the regulation of vascular function. For example, lumican is localized to the peripheral blood vessels in adult human lungs and to the thickened intima of the coronary artery and demonstrates binding affinity for αV integrin [3, 19, 20] . Functionally, endothelial cell expression of lumican increases during the resolution phase of angiogenesis in which vascularization ceases and the vessel returns to a state of angiostasis [21] . Additionally, lumican is inversely regulated with endoglin, a marker for angiogenic tissue [22] . Not surprisingly, lum -/-fmod -/-knockout mice exhibit increased vascularization in the myocardium, suggesting an anti-angiogenic role for lumican [7] . Finally, our previous data demonstrate that lumican can reverse the pro-angiogenic affects of basic fibroblast growth factor (bFGF) in Matrigel plug assays, highlighting lumican's effectiveness as an anti-angiogenic molecule [21] .
Our goal in the present study was to expand our understanding of the effects of lumican overexpression on a variety of cancer cells in vitro and in vivo, and the potential mechanism(s) of these effects. Specifically, we test the hypothesis that lumican plays an anti-angiogenic role in the tumor microenvironment. We demonstrate that lumican does not exhibit a consistently positive or negative effect on tumor cells in in vitro murine models for fibrosarcoma (MCA102) and pancreatic adenocarcinoma (Pan02) [23, 24] . Conversely, lumican does appear to consistently reduce tumor volume in vivo by blocking angiogenesis. This likely results from enhanced susceptibility to Fas-induced apoptosis, as lumican increased MB114 endothelial cell susceptibility to Fasinduced apoptosis in vitro. Together, these results support a model in which lumican blocks tumor growth and angiogenesis by enhancing apoptosis of endothelial cells as they invade the tumor stroma.
Materials and Methods
Cell Culture, Plasmids, and Retroviral Infections
The full length murine lumican cDNA (#5707371) (GenBank ID: BQ442885) less the secretory signal was PCR-amplified and cloned into the pSecTag A plasmid via 5′BamHI and 3′ NotI restriction sites using the following oligos. (fwd 5′-GGCGGCGGATCCCAATACTACGATTATGAC-3′) (rev 5′-GGCGGCGCGGCCGCGTTAACGGTGATTTCATT-3′). The resulting Igκ-Lumican-Myc-His 6 cassette was PCRamplified and ligated into the bicistronic retroviral vector pMSCV-Neo via 5′HpaI and 3′ BglII restriction sites using the following oligos. (fwd 5′-CCGGCCGAATTCTTAA TACGACTCACTATAGGG-3′) (rev 5′-CCGGCCAGATCT CAACAGATGGCTGGCAACTAG-3′). Retroviral supernatants were produced by EcoPack2 retroviral packaging cells (Clontech, USA) and used to infect the murine fibrosarcoma cell line MCA102, murine pancreatic carcinoma cell line Pan02, and the murine brain microvascular endothelial cell line MB114 as described previously [25] . Polyclonal populations of cells were selected via addition of 400 nM G418 and maintained with 200 nM G418.
Detection of endogenous secreted lumican was performed via TCA 50%/DOC.01% protein precipitation from conditioned serum free media (SFM) and western blotting with rabbit anti-lumican polyclonal antibody. Confirmation of myc-his-tagged secreted lumican overexpression was achieved via Ni-NTA Agarose (Qiagen, Valencia, CA) binding from conditioned serum free media and western blotting with mouse anti-myc monoclonal antibody.
Detection of overexpressed and endogenous intracellular lumican was performed via western blot on collected whole cell lysates using mouse anti-myc monoclonal antibody and rabbit anti-lumican polyclonal antibody, respectively.
In Vitro Cancer Cell Assays
The effect of lumican overexpression on MCA102 and Pan02 cellular invasion was measured using a modified Boyden chamber assay as described previously [26] . Briefly, a porous membrane (8 μm pore, 24-well format; BD Biosciences, San Jose, CA) was coated with 100 μl of a 1:50 dilution of Matrigel (BD Biosciences, San Jose, CA) which was allowed to dry overnight at room temperature. The following day, 100,000 control and lumicanoverexpressing cells were cultured on dried membranes in SFM +.1% BSA. Cellular invasion was induced by adding 5% serum to the lower chamber and was allowed to proceed at 37°C for 48 h. Subsequently, Matrigel-invading cells were washed twice with ice-cold PBS and immediately fixed for 10 min with 95% ethanol. Cells remaining in the upper chamber were removed with a cotton swab, whereas those remaining in the lower chamber were stained with crystal violet. Invasion was measured by densitometry utilizing the software ImageJ (NIH, Bethesda, MD).
The ability of lumican to alter the anchorage-independent growth of MCA102 and Pan02 cells was performed as described previously [27] . Briefly, 2 ml of a 1.2% agarose mixture in DMEM were allowed to solidify in 6-well plates. Control or lumican-overexpressing cells (50,000 cells/well) were diluted with an equal amount of DMEM-agarose mixture and allowed to solidify before placing in 37°C for 24 h. Plates were observed and 1 ml DMEM+10% FBS was added to each well as needed to avoid dehydration. Colony areas were measured after 30 days using the software NISElements D 3.00 SP1 (Build 455) (Nikon, Inc., Melville, NY).
Cell proliferation assays were conducted with WST-1 (Clontech, Mountain View, CA). Briefly, 500 cells were placed in 100 μl complete media in 12 wells of a 96-well plate and allowed to grow at 37°C for 24 h. The following day, the first three wells were replaced with 100 μl complete media containing 10 μl WST-1. Empty wells were also treated to establish a blank baseline. After 4 h, wells were measured at OD 450 nm to determine proliferation. This procedure was followed for each of 4 days to determine the proliferation rates for the control and lumican-overexpressing cells.
In Vivo Tumor Growth Studies
In three independent trials, control and lumican-overexpressing MCA102 and Pan02 cells were resuspended in sterile phosphate buffered saline (PBS) and injected subcutaneously at a density of 1,000,000 cells/100 μl injection between the shoulder blades of 10-week-old male C57BL/6 mice (three mice per condition; Jackson Laboratories, Bar Harbor, ME). Mice were monitored daily and primary tumors were measured externally with calipers between days 9 and 17. Tumor volumes were calculated using the following equation: 
Immunohistochemistry
Excised tumors were fixed in 4% paraformaldehyde for 1 h and placed in 70% ethanol before paraffin embedding and sectioning following standard procedure [28] . Sections were prepared via hematoxylin and eosin staining and additional sections were probed with anti-mouse CD31 in the Clarian Pathology Laboratory at Indiana University (Indianapolis, IN).
Colony Forming Survival Assays
The survival ability of lumican-overexpressing endothelial cells was compared to controls in the following manner. Five hundred MB114-Neo and MB114-Lum cells were plated onto 6 cm plates containing 4 ml MB114 media. Cells were allowed to adhere and grow for approximately 1 week until colonies were visible by eye. Media was removed and plates were washed with 1×PBS. Cells were fixed with 95% ethanol for 5 min and stained with crystal violet stain. Excess stain was removed with water and plates were allowed to dry before counting visible colonies.
Apoptosis Assays
To monitor apoptosis by caspase 3 western blot, 50,000 lumican-overexpressing or control MB114 cells were plated onto 12-well culture plates. Cells were allowed to grow 24 h before washing with PBS and treating with 1 ml of serum free media (SFM) in the presence or absence of the hamster anti-mouse CD95 (Fas) agonizing antibody Jo-2 (final concentration 1 μg/ml) (554254; BD Pharmingen, San Jose, CA). Afterward, live and dead cells were collected and whole cell lysates were analyzed by western blot analysis.
To monitor apoptosis by Caspase-3/7 activity, 5,000 MB114-Neo or MB114-Lum cells were each plated in four wells of a 96-well culture plate. Alternatively, to examine the effect of lumican conditioned media on endothelial cells, media isolated from lumican-overexpressing or control MCA102 or Pan02 cells was filtered and buffered with 10 mM pH 7.3 HEPES buffer. MB114 control cells were grown in the presence of each conditioned media. In both cases, MB114 cells were incubated in the presence or absence of Jo-2 for 24 h before detection of caspase 3/7 with the caspase-Glo 3/7 assay as described by the manufacturer (Promega). Luminescence was monitored on a Glomax luminometer.
Western Blot and Antibodies Used
Western blotting was performed as described previously [26] . Antibodies utilized in the experiments include the following: mouse anti-c-Myc (1:1000) (9E10, MMS-150R) (Covance, Inc., Princeton, NJ); mouse anti-β-actin (1:1000) (sc-47778), rabbit anti-Fas-L (1:500) (C-178, sc-6237), rabbit anti-Fas (1:500) (A-20, sc-1023) (Santa Cruz Biotechnology, Santa Cruz, CA); rabbit anti-caspase-3 (1:500) (#9662) (Cell Signaling Technology, Inc., Danvers, MA); rabbit anti-lumican (1:100) (kindly provided by Dr. S. Chakravarti, Johns Hopkins University, Baltimore, MA); and sheep anti-mouse (1:5000) (NA931-1ML), donkey anti-rabbit (1:5000) (NA934-1ML) (GE Healthcare, Piscataway, NJ).
Results

Lumican Overexpression Exhibits Pleiotropic Effects on MCA102 Murine Fibrosarcoma Cells and Pan02 Murine Pancreatic Adenocarcinoma Cells in Vitro
To examine the effect of lumican overexpression on a wider variety of cell types, we created lumican-overexpressing fibrosarcoma and pancreatic adenocarcinoma cell lines. The murine MCA102 fibrosarcoma and Pan02 pancreatic adenocarcinoma cell lines were transduced with retroviral constructs encoding either murine lumican cDNA to which a C-terminal Myc-epitope had been appended or an empty control vector. Selection with G418 was subsequently used to establish stable polyclonal cell lines. Conditioned media from these cell lines was precipitated and western blotting with the anti-Myc antibody was used to confirm expression of secreted lumican transgenes in the stably selected cell lines (Fig. 1a) . Stripping and reblotting with polyclonal anti-lumican antibodies confirmed that the Myc-tagged protein was lumican. Importantly, the fact that antilumican antibodies failed to detect secretion of endogenous lumican in either MCA102 or Pan02-neo cells confirmed that overexpression of lumican in our stable cell lines was achieved. Since some small leucine-rich proteoglycans have intracellular roles it was also important to examine the relative abundance of intracellular lumican in the cell lines. To accomplish this, whole cell lysates from the cell lines were collected and western blotted with the anti-Myc and anti-lumican antibodies to detect intracellular lumican (Fig. 1b) . Although anti-Myc western blotting revealed a light but detectable band in the overexpressing cell lines, western blotting with anti-lumican failed to detect intracellularily expressed lumican. This indicated that in both Due to the deficit of direct evidence regarding the role of lumican in cancer, we subjected the lumican-overexpressing MCA102 and Pan02 cells (MCA102-Lum and Pan02-Lum) and their control counterparts (MCA102-Neo and Pan02-Neo) to a variety of in vitro experiments designed to mimic several aspects of tumor behavior.
Tumor cell invasion is one of the deadliest aspects of cancer as the ability to enzymatically degrade a proteinaceous matrix is correlated with metastatic potential [29] . Thusly, Boyden chamber invasion assays were performed to assess the ability of lumican to affect invasion through a Matrigel matrix. Lumican overexpression resulted in a 22% reduction in invasion in the MCA102 cells, but enhanced invasion in the Pan02 cells by 91% (Fig. 2a) .
Cancer cells have the unique ability to form colonies in soft agar, as they do not require anchorage via an extracellular substrate to grow. As this is an excellent in vitro analog for tumor formation, we performed soft agar assays to determine if lumican overexpression affects anchorage-independent growth of cancer cells. In contrast to the results obtained in the invasion assays, lumican overexpression increased the average colony size of MCA102 cells by 38%, but in Pan02 cells the average colony size was reduced by 36% (Fig. 2b) .
A hallmark of cancer cells is their rapid rate of proliferation. To monitor the effect of lumican on cancer proliferation, we used WST-1 proliferation assays to determine if lumican overexpression influences the growth rate of cancer cells. Similar to the results of the invasion assay, lumican overexpression significantly increased the proliferation of Pan02 cells but had no detectable effect on MCA102 cell proliferation (Fig. 2c) .
Collectively, these in vitro data indicated that the overexpression of lumican in these tumor cell lines resulted in no consistent pattern of effects on the various tumor cell activities of invasion, proliferation, or anchorage-independent growth Understanding the effect of lumican in cancer requires consideration of the microenvironment established by complex interactions between the host and the cancer cells. To determine how lumican-overexpressing cancer cells would interact with a syngenic host, we injected male C57BL/6 mice subcutaneously with equal numbers of syngenic MCA102-Lum, MCA102-Neo, Pan02-Lum, or Pan02-Neo cells and monitored both tumor growth and final tumor mass. Despite significant variation between individual tumor growth curves and final tumor masses, both measures indicated that lumican overexpression caused an approximately 60% reduction in mean tumor size for both MCA102 and Pan02 cells (Fig. 3) . The reason for this variability in tumor growth is unknown but may be related to the random subcutaneous placement of tumor inoculations. Importantly, these results show a consistent effect on tumor growth in vivo and are in stark contrast to our in vitro data which demonstrated cell-specific effects on invasion, proliferation, and soft agar colony formation. Previously, we have demonstrated that lumican negatively impacts endothelial cell behaviors and can reduce blood vessel growth into Matrigel plugs [21] . Such a reduction in angiogenesis might explain the reason for the smaller average tumor volume. We hypothesized that reduced growth in lumican overexpressing tumors was due to insufficient angiogenesis and therefore examined blood vessel density within the extracted tumors.
Tumors Overexpressing Lumican Possess Reduced Vasculature
Vascular density in lumican-overexpressing and control tumors was determined by measuring vascular area in tumor sections subjected to immunohistochemistry with CD31 expression. As shown in Fig. 4a , tumors derived from lumican overexpressing MCA102 and PanO2 had consistently less CD31 staining compared to tumor derived from their control counterpart cells. Lumican is well known for its collagen organizing activities [6, 30] . Therefore, we also performed Masson's trichrome staining of tumor sections derived from control or lumican overexpressing cells. As shown in Fig. 4a , there was no obvious difference in collagen staining (blue) in tumors derived from lumican overexpressing cells. Overall, lumican overexpression provoked a 58% decrease in vascular density in MCA102 cells and a 44% decrease in vascular density in PanO2 cells. Collectively, these results suggest that reduced tumor volume is not a consequence of a direct effect on the tumor cells or a consequence of significantly altered collagen deposition within the tumor microenvironment, but rather the reduced growth is coupled to a reduction in angiogenesis.
Previous research suggests that lumican may mediate Fas-Fas-L interactions, contributing to induction of apoptosis [31, 32] . Such an effect on endothelial cells could provide a basis for the observed reduction in vasculature. Based on these previous findings, we sought to determine what effect, if any, lumican has on the induction of apoptosis in endothelial cells.
Lumican Increases Apoptosis in Endothelial Cells
To determine if lumican could facilitate apoptosis in endothelial cells, we first established lumicanoverexpressing and control MB114 endothelial cell lines and confirmed overexpression via western blot (Fig. 5a ). Once again, western blot analysis with the anti-lumican antibody failed to detect endogenous lumican expression in control cells but readily detected lumican in the conditioned media of MB114-Lum cells. Intracellular lumican, as detected by western blotting with anti-Myc and anti-lumican antibodies, was determined to be in low abundance and roughly equivalent (data not shown). As an initial measurement of endothelial cell survival, we examined the ability of single MB114-Lum or control cells to form colonies in cell culture. Five hundred cells were cultured into 6 cm plates and allowed to form colonies for approximately 1 week. Consistent with a role in promoting apoptosis, 33% fewer MB114-Lum cells survived to form colonies when plated at a low density as compared to MB114-Neo cells (Fig. 5b) . This result could be explained by decreased cell proliferation; however the size of MB114-Lum colonies was not significantly reduced compared to control colonies and we have not previously noted an effect on proliferation associated with lumican in endothelial cells [21] . This finding supported our hypothesis that lumican promotes endothelial cell apoptosis.
Previously, lumican has been associated with the expression of Fas receptors and with enhancing Fas mediated apoptosis in corneal fibroblasts [31, 32] . Therefore to more precisely define the mechanistic basis for lumican's pro-apoptotic effect, MB114-Lum and MB114-Neo cells were cultured in the presence or absence of the Fas-cross-linking antibody Jo-2 under serum free conditions. Live and dead cells were collected and apoptosis was assessed via immunoblotting for cleaved caspase-3. Blots were subsequently stripped and reblotted with anti-β-actin to monitor protein loading. Lumican-overexpressing MB114 cells demonstrated a greater amount of cleaved caspase-3 than control cells in both untreated conditions and upon treatment with Jo-2 ( Fig. 5c left panel) . Densitometry of the resulting western blots demonstrated a significant increase in cleaved caspase 3 present in lumican overexpressing MB114 cells both before and after Jo2 treatment (Fig. 5c right panel) .
To further quantify the pro-apoptotic effects of lumican, MB114-Lum and MB114-Neo cells were again cultured in the presence or absence of the Fas-cross-linking Jo-2 antibody and subsequently incubated with the CaspaseGlo 3/7 Reagent. Caspase 3/7 activity was monitored by luminometry. As shown in Fig. 5d , MB114-Lum cells demonstrated significantly more caspase 3/7 activity in both unstimulated and Jo-2 stimulated conditions. To mimic the conditions of the animal study, MB114 control cells were also treated with conditioned media from control or lumican overexpressing MCA102 or PanO2 cells. Prior to applying the conditioned media, we confirmed that MCA102-Lum and Pan02-Lum media expressed lumican while their control media did not (data not shown). MB114 cells treated with either MCA102 or PanO2 lumican conditioned media in the presence or absence of Jo-2 demonstrated more cleaved caspase-3/7 activity than those treated with control conditioned media (Fig. 5e ). Despite this increase in apoptosis and sensitivity to Fas-mediated cell death, we were unable to detect any difference in expression of Fas receptors or Fas-ligand in the presence or absence of lumican (data not shown)
We also examined the effect of lumican on apoptosis in Pan02 and MCA102 cells. Interestingly, while lumican overexpression did appear to increase apoptosis in Pan02 cells in the presence of Jo-2, it lacked this effect in MCA102 cells (data not shown). As was the case in MB114 cells, western blotting for Fas-receptor and Fasligand failed to detect any difference in expression between control and lumican overexpressing cells (data not shown). These results are particularly interesting as our in vitro data demonstrated consistently greater proliferation and invasion in the Pan02-Lum cell line. As no increase in apoptosis was observed in the MCA102-Lum cell line, a general increase in total cellular apoptosis susceptibility is an unlikely explanation for the reduction in tumor size observed in the mice. 
Discussion
Much of our current understanding regarding the role of lumican in cancer is derived from non-hypothesis-driven immunohistochemical correlations of the relative abundance of the protein in the stroma of cancerous and noncancerous tissues. Our hypothesis-driven approach illuminates a functional role of lumican in tumor growth. In this study, we demonstrated that overexpression of the extracellular matrix protein lumican has differential effects on cancer cell proliferation, invasion, and anchorage independent growth in the fibrosarcoma cell line MCA102 and the pancreatic adenocarcinoma cell line Pan02. Despite the pleiotropic in vitro effects, lumican overexpression consistently reduced tumor size and blood vessel density in vivo. Furthermore, we provide evidence that this reduction in blood vessel density is due to a pro-apoptotic effect of lumican on the endothelial cells invading the tumor stroma, although we have not pinpointed the precise mechanism by which this is achieved.
To study the affect of lumican on tumor cell behaviors, we overexpressed lumican in two murine cell lines syngenic to the C57BL/6 host. The results of our in vitro analyses on MCA102 fibrosarcoma cells and Pan02 adenocarcinoma cells overexpressing lumican demonstrate the cell-specific effects of lumican on several deadly aspects of cancer in isolation from the host microenvironment. More specifically, Pan02 cells overexpressing lumican were more invasive in Matrigel-coated Boyden chamber invasion assays than their control counterparts. However, the opposite effect was observed in MCA102 cells, which exhibited a marked reduction in invasion. Soft agar assays were performed to assess lumican's effect on anchorage independent growth. In these experiments lumican overexpression resulted in smaller average colony size in MCA102 cells. Past experiments on a variety of cell lines support the hypothesis that lumican reduces the size of soft agar colonies [15, 16, 18] . However, this pattern was not observed in Pan02, in which lumican overexpression resulted in increased colony size. Finally, we assessed the effect lumican overexpression has on cellular proliferation. In MCA102 cells, lumican overexpression did not affect proliferation. In Pan02 cells however, lumican overexpression produced a significant increase in proliferation. This result is also in direct contrast with previous reports of lumican's effect on proliferation in melanoma, osteosarcoma, murine embryonic fibroblasts, and HEK 293T cells [15, 31, 33, 34] . Collectively, these results demonstrated that lumican has pleiotropic effects on cancer cell biology.
We currently do not understand how lumican elicits these pleiotropic effects on various tumor cells. Lumican was previously shown to have dose dependent effects on osteosarcoma cells in vitro [33] and as shown in Fig. 1, lumican was not equally overexpressed in MCA102 and PanO2 cells. Therefore, it is possible that our results showing plieotropic effects of lumican on cancer cell biology may be due to differential expression of lumican instead of a bona-fide pleiotropic cell type specific activity. Alternatively, these divergent observations could be explained by the presence of multiple high and low affinity lumican receptors present in various cancer cells. In support of this, lumican has been shown to interact with several integrins including those containing the β1 and α2, 3, 4, 5, and v subunits [20] . Future research will clearly need to address this point by correlating lumican receptor expression with the biological impact of lumican on cell behaviors.
Although there is no consensus between lumican's in vitro effects on MCA102 and Pan02 cells, we have demonstrated that lumican consistently has negative effects on tumors produced from these cell lines in vivo. Moreover, since the in vitro effects of lumican on these cell lines are pleiotropic, the reduction in tumor size is unlikely due to direct effects on the tumor cells. The observed reduction in tumor size is in accordance with previous reports using induced oncogenic fibroblasts and melanoma cell lines [15, 18] . The consistency of effects in vivo highlights the importance of the host microenvironment in cancer progression. Earlier reports have demonstrated that lumican consistently has a negative effect on melanoma cells in vitro, making it difficult to fully appreciate or isolate the in vivo effects of lumican on the host microenvironment [15, 17, 35] . Additionally, our previous findings suggested that lumican's anti-angiogenic potential could be implicated in the reduced tumor volume [21] .
CD31 localization of the extracted tumor sections revealed a reduced vessel density in lumican-overexpressing MCA102 and Pan02 cells. This finding supports the hypothesis that lumican performs an anti-angiogenic role in the tumor microenvironment and is in agreement with earlier studies which have found that myocardial vascularization increases in lum -/-fmod -/-knockout mice [7] . Similarly, Matrigel plug experiments have demonstrated that lumican can reduce vascularization induced by bFGF [21] . Recent reports of endothelial cells plated on lumican reveals reduced pseudotube formation [17] and previous research on tubulating endothelial cells has demonstrated expression of lumican increases during the resolution phase of angiogenesis in which vascularization ceases and the vessel returns to a state of angiostasis [21] . This angiostatic state can be observed in large resting vessels where expression of lumican is high [22] .
Several ECM proteins including angiostatin, canstatin, thrombospondin-1, and decorin block angiogenesis by promoting endothelial cell apoptosis [36] [37] [38] [39] [40] . Similarly, our results now show that lumican promotes apoptosis in endothelial cells. Upon analysis of endothelial colonyforming assays as well as caspase-3/7 cleavage, we report that lumican consistently increases susceptibility to Fasinduced apoptosis in lumican-overexpressing endothelial cells; and endothelial cells cultured in conditioned media from lumican-overexpressing tumor cells. Previous reports have demonstrated that lumican increases Fas-receptor expression, preferentially binds to soluble Fas-L, and increases apoptosis in corneal fibroblasts [31, 32] . We identified the presence of Fas-receptor and Fas-ligand in equal abundance in MB114, MCA102, and Pan02 cells without regard to lumican overexpression (data not shown) suggesting that increased endothelial cell apoptosis is not due to increased expression of these pro-apoptotic proteins. Thus, lumican increases the susceptibility of endothelial cells to Fas-mediated apoptosis by a mechanism independent of Fas or Fas-L upregulation. This is slightly different from the proposed anti-angiogenic mechanisms of canstatin and thrombospondin-1 which involve increased endothelial Fas-ligand expression followed by Fas-mediated apoptosis [40, 41] .
In addition to Fas-mediated apoptosis, it is possible that lumican may block angiogenesis by manipulating additional molecular mechanisms not explored in this study. For example, expression of lumican is inversely correlated with the expression of endoglin, a pro-angiogenic co-receptor of TGF-β in endothelial cells [22, 42] . Endoglin mediates it's pro-angiogenic activities by emphasizing activation of proangiogenic SMADs 1/5/8 and deemphasizing activation of anti-angiogenic SMADs 2/3 [43, 44] . Importantly, lumican has been linked to TGF-β signaling in a variety of cell systems [33, 45] suggesting that lumican may also regulate angiogenesis by interacting with TGF-β signaling mechanisms. For instance, in the absence of endoglin, lumican may promote TGF-β mediated SMAD2/3 signaling and angiostasis.
Collectively, our findings expand our understanding of how matricellular proteins impact angiogenesis via apoptotic mechanisms and challenge earlier reports that lumican does not induce endothelial cell apoptosis [17] .
Conclusion
We have shown that lumican overexpression consistently reduces tumor growth in vivo regardless of its pleiotropic effects on tumor cells in vitro. Furthermore, this reduction in tumor growth is associated with reduced vascular density. Finally, we have provided evidence to support a Fas-specific pro-apoptotic role for the SLRP lumican in the endothelium.
